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ABSTRACT 
The isolation and partial characterization of subcellular particlcs from rabbit and rat lung 
arc  dcscribed.  Detailed methods for  separating a  purified,  active mitochondrial fraction 
are outlined and evaluated in tcrms of enzymatic, chemical, and morphological criteria. 
Mitochondrial preparations from rabbit and rat liver wcrc used as  comparativc indices. 
The lung mitochondrial fraction was  identified by its ability to oxidize succinate with a 
P/O ratio of 1.7 by a process sensitive to 2,4 dinitrophcnol and antimycin A.  The adeno- 
sine triphosphatase activity of the lung mitochondrial fraction is stimulated by magnesium 
ions, but this stimulation is not augmented by 2,4 dinitrophcnol. In the  absence of mag- 
nesium ions, the specific activity of the adenosine triphosphatase increases with increasing 
protein concentration. The presence of lysosomes in the mitochondrial fraction is suggested 
by acid phosphatase and cathepsin activities and by electron microscope observations. 
INTRODUCTION 
Our  knowledge  concerning the  biochemistry of 
lung tissue  thus far is very restricted.  Only a  few 
reports of experiments on enzymes or enzyme sys- 
tems can be found in the literature. The hydrolytic 
enzymes, arginase, acid and alkaline phosphatases, 
cathepsin,  adenosine  triphosphatase  (2-4),  and 
nicotinamide adenine dinucleotide glycohydrolase 
(5)  were  found  in  high  concentrations in  lung 
tissue.  The  oxidative enzymes, succinate oxidase 
and cytochrome c reductase (5-11),  isoeitrate de- 
hydrogenase, and malic dehydrogenase (11)  were 
found in tung tissue. The presence of fumarase was 
also  observed  (9).  All  these  investigations have 
utilized either the slice or homogenation technique. 
No reports on the application of differential cen- 
trifugation techniques (12)  which have  provided 
much of our knowledge, in other tissues,  of such 
integrated  enzymatic  processes  as  the  electron 
transport system have been found in a search of the 
literature. 
As  an  initial step  in  the  study  of lung tissue 
metabolism, fractionation by differential centrifu- 
gation was attempted. This paper describes a pro- 
cedure which  permits  the  isolation of mitochon- 
drial  and  microsomal  fractions  from  lung.  The 
mitochondrial fraction was  accorded  major  em- 
phasis,  since  it  was  our  intention to  investigate 
first  the oxidative metabolism of lung tissue.  The 
identity of the mitochondrial fraction was assessed 
by  examination of  succinate  oxidation  and  the 
concomitant phosphorylation and  the  adenosine 
triphosphatase activity.  Electron  microscope  ob- 
servation confirmed the presence of mitochondria 
in this fraction. Comparison with liver mitochon- 
dria indicated similar rates of succinate oxidation 
and similar P/O ratios, but revealed certain differ- 
45 ences  in  the  control  of  phosphate  transfer  and 
adenosine triphosphatase activity.  The possible re- 
lation  of these differences  to  the surfactant found 
in the lung mitochondrial fraction  (13) is discussed. 
MATERIALS  AND  METHODS 
Preparations  of the Mitochondrial  Fraction 
Adult New Zealand rabbits (1.6 to 2.8 kg) of either 
sex were sacrificed by injection of air into the ear vein; 
the lungs were removed immediately, washed in ice- 
cold  1.15% KCI, and chilled in the same solution. All 
solutions  were  prepared  with  triple-distilled  water, 
and  operations  were  carried  out  at  2-4 ° .  For  the 
preparation  of the mltochondrial fraction from lung, 
it was necessary to  modify the method described  by 
Hogeboom, Schneider, and Palade  (12). The lobes of 
the lungs were  separated,  major visible bronchi  and 
blood  vessels removed,  and the tissue washed several 
times  with  homogenizing  medium  which  consisted, 
unless indicated otherwise, of 0.25 M sucrose (Mallinc- 
krodt  A.R.),  0.01  M Tris-HCl  (Sigma  121),  0.001  M 
potassium  EDTA  (Distillation  Products  No.  7179), 
the  final  pH  being  7.3-7.4  (sucrose-Tris-EDTA 
medium). 1 The lungs of 1 or  2  rabbits  were  minced 
with scissors into small pieces and homogenized in 5 
ml  of the  sucrose-Tris-EDTA  solution.  The  Teflon 
pestle of the homogenizing vessel (Arthur H. Thomas 
Co.,  Philadelphia,  No.  4288-B, Size C) was milled  to 
0.960 in.  diameter to provide  a  gross diameter clear- 
ance  of 0.030  in.  Homogenation was carried  out  at 
150 RPM for about 2  rain until the vertical motion of 
the vessel was uniform, after which 20 ml of sucrose- 
Tris-EDTA  solution  was  added  to  the  vessel,  the 
speed of the motor was increased to 250 RPM, and the 
homogenation  continued  for  another  2  inin.  The 
homogenation  vessel  was  then  filled  with  sucrose- 
Tris-EDTA  medium,  the  contents  mixed  with  the 
use of the  pestle  and strained  through bolting  cloth 
(Turtox No.  105A6045A nylon filament screen cloth, 
38  mesh)  which was stretched  over  the  mouth  of a 
polyethylene bottle.  The  material  remaining on the 
cloth  (residue  I)  was  discarded  for  this work. ~ The 
filtrate was centrifuged at 500 g for  10 rain  (Interna- 
tional Centrifuge Model  CL, head No.  331),  and the 
supernatant fraction was recentrifuged  at  1600 g  for 
1 The  abbreviations  used  are  Tris,  tris  (hydroxy- 
methyl)  aminomethane;  EDTA,  ethylenediamine- 
tetraacetate;  ATP,  adenosine  triphosphate;  TCA, 
trichloroacetic  acid;  DNP,  2,4  dinitrophenol;  Pi, 
inorganic phosphate. 
2 In an attempt to increase the yield of mitochondria, 
residue  1  was  rehomogenized  and  strained  through 
the bolting cloth.  The resulting filtrate  when  added 
to the first filtrate increased the over-all yield of mito- 
chondrial N  only 10 to 20%. 
5  rain;  precipitates  from  these  two  centrifugations 
were  residues 2  and  3.  Mitochondria  were  removed 
from  the  supernatant  fraction  by  centrifugation  at 
12,500 g  in the Spinco  Model  L  rotor  No.  50 for  10 
rain. The pellet was suspended in  1 to 2 ml of a solu- 
tion of 0.25 ~a sucrose and 0.01  m Tris-HC1, final pFI 
7.2-7.4  (sucrose-Tris medium),  with use of a  Teflon 
pestle machined to fit the Spinco tubes. The resulting 
suspension was diluted with 20 ml of the sucrose-Tris 
medium, stirred well,  and centrifuged at  25,000 g  in 
the  Spinco  Model  L  for  10  rain.  The  pellet  was 
washed twice except in the studies of protein and suc- 
cinate  oxidase  distribution  in  the  subcellular  frac- 
tions of lung, when the washing steps were  omitted. 
The final suspension of the mitochondrial pellet  was 
prepared by the addition of 1.0 1111 of the sucrose-Tris 
medium for  the  lungs  of each  rabbit.  The  yield  of 
twice-washed lung mitochondria ranged from  2.7  to 
4.7  nag  of nitrogen  per  rabbit  in  sixty-four  experi- 
ments. 
The  homogenation technique  is  a  critical  step  in 
this procedure.  A  pestle clearance of less than 0.030 
in.  makes  homogenation  of rabbit  lung  impossible, 
even  after  careful  mincing with  scissors.  Clearances 
greater than 0.040 in. result in poor cell breakage. The 
slow speed  homogenation step  permits the breaking 
up  of the larger  pieces of tissue without  any serious 
mechanical problems. The subsequent fast homogena- 
tion appears to be more effective in cell breakage. 
Rat  lung  mitochondria  were  prepared  by  a  pro- 
cedure  identical  to  that  used  for  rabbit.  The  rats 
(Sprague-Dawley) were killed by a  blow to the cervi- 
cal region and bled by decapitation. For the prepara- 
tion of rabbit fiver mitochondria, but not of rat liver, 
the livers were perfused with cold 0.90% NaCI until 
the  red  pigmentation  disappeared.  Liver  and  heart 
mitochondria  from  both  species  were  prepared  by 
the use of solutions identical to those described above. 
With respect  to  other  aspects of the  procedure,  the 
following changes were  made: for liver  the homoge- 
nizing pestle was used as supplied, and for heart the 
pestle was milled to 0.020 in. clearance; the filtration 
through the bolting cloth and the centrifugation step 
at  1600 g  was omitted for both heart and liver. 
Microsomal fractions were  prepared  by centrifug- 
ing  the  supernatant  fraction  of  the  12,500  g  cen- 
trifugation at  150,000 g  in  the  Spinco  No.  50  rotor 
for 30 rain,  suspending the pellet  in the sucrose-Tris 
medium, recentrifuging at the same speed, and resus- 
pending in the same medium. 
Analytical Methods 
The nitrogen content of the various tissue fractions 
was determined by nesslerization after complete acid 
digestion (14).  Protein values were calculated on the 
basis of total nitrogen  >(  6.25.  Protein concentration 
of the mitochondrial fractions was determined by the 
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of the total nitrogen determination. 
Succinate oxidase activity of the various subcellular 
fractions was determined by measurement of oxygen 
uptake  in the Gilson Model G-14 differential respi- 
rometer at 34 °. The main compartment of the War- 
burg flask  contained 10 m~ Tris-HC1 pH 7.4,  5 mi 
MgC12,  0.9  mM  sodium  ATP,  12.5  mM  potassium 
phosphate  pH  7.4,  0.84  /~t  cytochrome  c  (Sigma 
Chemical Co., St. Louis, Type III), plus an aliquot 
of the various lung fractions. The final volume was 
adjusted to 2.4 ml with 1.15% KC1. The sidearm con- 
tained 0.20  ml  of 0.48  M sodium succinate and the 
center well 0.20 ilfl of 2.5 N NaOH and filter paper. 
The gas phase was air. After a  10-rain equilibration 
period, the sidearm was tipped into the main com- 
partment and readings were taken every 5  min for 
1 hr. In all instances, the rates of oxygen uptake were 
linear for at least 45 rain. 
The  simultaneous  measurements  of  oxygen  and 
phosphate  uptake  were  carried  out  ill  the  same 
respirometer by  the  procedure  described by  Lardy 
and  Wellman  (15).  The  main  compartment of the 
vessel contained 10 mM Tris-HC1, 5.0 ram MgC12, 0.9 
mi  sodium ATP,  12.5 mM potassium phosphate,  I0 
n~  sodium fluoride,  20  m~ sodium succinate,  0.84 
/ZM cytochrome c, and 0.15 to 0.25 ml of a mitochon- 
drial suspension containing 0.1 to 0.7 mg of nitrogen. 
Final pH of this mixture was 7.4. The phosphate ac- 
ceptor system, consisting of 0.25  ml of a solution con* 
raining 0.7 mg of hexokinase (Sigma, Type V) and 50 
nag of C~-D-glucose per ml, was placed into the side- 
arm.  The  center  well  contained  0.20  ml  of 2.5  N 
NaOH  and  filter  paper.  The  final  volumes  of the 
vessel were adjusted to 2.4 Ill[ with 1.15% KCI. The 
reaction was terminated by the addition of 0.20  ml 
of 37.5% TCA. TCA was added at zero time to the 
control vessel for phosphate uptake.  Inorganic phos- 
phate  was  determined on  the  clarified supernatant 
fraction by the method of Lowry and Lopez (16). 
Adenosine triphosphatase activity was determined 
as follows: 0.25  ml  of a  solution containing 40  mi 
Tris-HC1 pH  7.4  and 92  mM KCI were placed in a 
test tube  in  a  30 ° constant temperature bath.  This 
solution also contained 20  m~ MgCle, 0.8 mM DNP, 
and  48  na~  NaF,  when required.  Next,  0.20  mi  of 
0.02 M sodium ATP (Sigma, grade 99 to  100%) was 
added and, 5 rain later, 0.2 ml of the mitochondrial 
suspension (0.055  to 0.250 nag of N) in 0.25 M sucrose. 
The reaction was terminated by  addition of 0.1  ml 
of 37.5% TCA after 20 rain of incubation. The con- 
trol  consisted of the  completed incubation  mixture 
to which the TCA was added at zero time. The tubes 
were cooled in ice, the precipitate was removed by 
centrifugation within  15  min,  and  the  supernatant 
fluid was analyzed immediately for inorganic phos- 
phate by the method of Lowry and Lopez (16). 
Total  acid  phosphatase  activity  was  determined 
by the method of Selliger  (17),  in the pyridine-HCl 
buffer in  the presence of 0.1%  Triton  X-100.  The 
procedure described by Gianetto and de Duve  (18) 
was followed for the assay of cathepsin activity. The 
hemoglobin (Sigma  Chemical  Co.,  Bovine type  II) 
was dialyzed for 24 hr at 2 ° against 0.01 ~ acetic acid 
before use, in order to obtain a lower blank. Uricase 
activity was determined as described by de Duve (19), 
except that measurements were made at  23 ° in the 
Cary  Model  14  spectrophotometer with the  Model 
1462  scattered transmission accessory and No.  7664 
photodetector. RNA was extracted and estimated by 
the  method  of Schneider  (20),  using  yeast  nucleic 
acid (Mann Research Laboratories, Inc., New York) 
as the standard. 
Preparation for Electron Microscopy ~ 
Suspensions of the homogenate were  mixed with 
two parts of fixative, and pellets were prepared after 
5  rain.  Tissues were fixed in the undiluted fixative, 
which contained 6.5% glutaraldehyde, 2% aerolein, 
and 0.14 M veronal buffer at pH 7.3 (21).  The pellets 
and tissues were fixed initially for 45 rain, then post- 
fixed for 30 min in 1% OsO4 in 0.14 M veronal buffer 
pH 7.3 (22), stained in 2% uranyl acetate for 30 rain, 
dehydrated in alcohol, and embedded in Vestopal W 
(23).  These  operations  were  performed  at  0-2 °  . 
Sections were stained with lead citrate (24). 
RESULTS 
Distribution  and  Recovery of  Protein  and 
Succinate  Oxidase 
The distribution of protein and succlnate oxidase 
activity in  three  tissue fractions prepared in  two 
separate experiments is listed in Table I. The first 
fraction  consisted of the  combined residues  l,  2, 
and  3.  When examined under the phase contrast 
microscope, it contained intact ceils, nuclei, cellu- 
lar debris, and extracellular material. The second 
fraction was shown by electron microscopy to con- 
tain  numerous  mitochondria  (see  below);  the 
third fraction consisted of the supernatant solution 
and microsomes. The recovery of total proteins in 
all  fractions,  compared  to  the  homogenate,  was 
93.5  and  92.4%,  and the recovery of total succi- 
nate oxidase was 94.4 and 105.0 %. The amounts of 
protein and of succinate oxidase activity that were 
recovered in  the  mitochondrial  and  microsomal 
fractions from the lungs of one rabbit were constant. 
8 The author wishes to thank Dr.  Albert E. Vatter, 
Department  of  Pathology,  University  of  Colorado 
School of Medicine, for the electron microscope work 
and  his generous  help  in  the  interpretation of the 
micrographs. 
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Recovery  of Protein and Succinate  Oxidase Activity  in  Various Fractions of Rabbit Lung 
Experimental conditions are described  in the text. All values are given for lung tissue of one rabbit. 
Succinate oxidase 
Specific activity  of 
Protein content  Total activity  Recovery  succinate oxidase 
mg N  ,umoles O~/hr  %  ,~moles O~/hr/mg N 
Homogenate  255,  151"  389,  413  100,  100  1.5,  2.7 
Residues  I-3 
unbroken cells and  197,  98  269,  310  69.2,  75.0  1.4,  3.2 
nuclear fraction~ 
Mitochondrial  fraction  6.3,  6.7  94.7,  120  24.4,  29.0  15.1,  17.9 
Microsomal and super-  35.1,  35.0  3.1,  3.8  0.8,  0.9  0.09,  0.11 
natant fraction 
Recovery: per cent of  93.5,  92.4  94.4,  105.0  94.4,  104.9 
homogenate 
* Values listed are data from two separate experiments. 
Repeated homogenation of this fraction increased the yield of protein and suecinate oxidase found  in 
the  mitochondrial fraction and the microsomal and supernatant  fraction by only 10 to 15%. 
About 27%  of the succinate  enzyme found in the 
homogenate  was  recovered  in  the  mitochondrial 
fraction,  while  72%  remained  in  the  combined 
residue fractions, which contained many unbroken 
ceils but few free mitochondria. The succinate oxi- 
dase  activity  found  in  the  residues  was  possibly 
localized  in  the  intact  cells.  The  yield  of  mito- 
chondria can be estimated, from these data,  to be 
25  to  30%.  For  comparison,  heart  mitochondria 
have been isolated in a  50 to 65 %  yield (25).  The 
fact that many ceils remained intact and that only 
a  fraction of the total succinate oxidase activity of 
the  homogenate  was  found  in  the  mitochondrial 
fraction  raised  the question as to which cell types 
contributed  mitochondria  to  the  preparation.  No 
significant  succinate  oxidase  was  found  in  the 
microsomal  and  supernatant  fractions.  The  ho- 
mogenates  of the  two  experiments  contained  255 
and  151  mg  of nitrogen  per  rabbit.  The  higher 
nitrogen  content observed  in  the first  experiment 
could  be  accounted  for  in  the  combined  residue 
fractions;  the  mitochondrial,  microsomal,  and 
supernatant  nitrogen contents remained the same. 
This suggested that this difference in total nitrogen 
is caused by the presence of extracellular material. 
In accord with such an explanation was the com- 
parable content of succinic oxidase activity of the 
homogenates  and  residue fractions  in the two ex- 
periments  and  the  higher  specific activity in  the 
homogenate of the preparation with the lower pro- 
tein content. The specific activities of the succinate 
oxidase in both of the mitochondrial fractions were 
identical.  In subsequent  experiments in which the 
mitochondria were washed twice for investigations 
of  oxidative  phosphorylation,  similar  specific 
activities were observed, if corrections were made 
for  the  protein  removed  by  the  mitochondrial 
washes  (14 to  22%).  Such corrections were valid, 
since  the  washes  were  devoid  of succinic  oxidase 
activity.  For  the  twice-washed  mitochondrial 
preparations,  the succinate oxidase activity varied 
from 20.5 to 28.4 #moles of O2 per mg of N  per hr 
(calculated  from Table  II)  compared  to  15.1 and 
17.9  ~moles of 02  per mg of N  per hr in the un- 
washed preparations. 
Characterization of the M itochondrial 
Fraction.  Succinate  Oxidase  and  Oxidative 
Phosphorylation 
The  succinate  oxidase  activity  of  rabbit  lung 
mitochondrial fractions was compared with that of 
rabbit and rat liver mitochondria.  Under identical 
conditions in the presence of succinate, hexokinase, 
and  glucose,  the oxygen uptake  in rat liver mito- 
chondria  ranged  from  24.4  to  32.0  #moles  of O2 
per  mg  of N  per  hr  (4  preparations),  that  from 
rabbit liver ranged from 16.5  to 27.2 ~moles of O2 
per mg of N  per hr (4 preparations),  while that of 
rabbit  lung  mitochondria  ranged  from  20.5  to 
28.4 ~moles of 02 per mg of N  per hr  (Table II). 
The  similarity of the rates  for liver and  the lung 
mitochondria  preparations  would  suggest  a  corn- 
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Oxidative Phosphorylation of Rabbit  Lung Mitochondria 
The Warburg vessel contained 10 mM Tris, 5.0 mM MgCI2, 0.9 mM ATP,  12,5 mM potassium phosphate, 
10 mM sodium fluoride, 0.8 #M cytochrome c, 20 mM sodium succinate, and 0.25 ml of the lung mitochondrial 
suspension containing the indicated amounts of mitochondrial N. The center well contained 0.20 ml of 
2.5 N NaOH,  and the sidearm 0.18 nag of hexokinase and 12.5 mg of a-D-glucose in 0.25 ml of water.  In- 
cubation for 20 min at 34 °, with air as the gas phase.  For procedure,  see experimental section. 
Additions or deletions  Mito. N mg/vessel  0  uptake/Latoms  Pi uptake #moles  P/O* 
Control  0.73  12.2  18.6  1.7 
Glucose,  12.5 mg~ omitted  0.73  10.5  0.3  -- 
Hexokinase, 0.18 mg omitted  0.73  10.3  -- 1.9  -- 
Fluoride, 0.01  M omitted  0.73  11.9  10.8  0.9 
Control  0.48  7.65  13.5  1.8 
DNP,  1.1  X  10  .5 M added  0.48  8.30  7.6  0.9 
DNP,  5.4 X  10  -5 ~  added  0.48  5.00  0 
Control  0.28  3.80  6.6  1.7 
Antimycin A,  1.5 #g added  0.28  0  0 
Control  0.11  2.06  3.6  1.7 
Malonate, 6.3  X  10  .4 M added  0.11  0.70  0.8  1.1 
Pi disappearance,  /zmoles 
*  P/O  = 
O  uptake, #atom. 
All weights indicated are per vessel. 
parable  mitochondrial  content  in  the  fractions 
from  these  organs.  This  assumption  is  further 
corroborated by electron microscope observations 
described in a  subsequent section. 
One criterion for the functional integrity of the 
mitochondria is based on the  ability of the mito- 
chondrial  fraction  to  oxidize  succinate  and  con- 
comitantly  incorporate  inorganic  phosphate  into 
ATP. 4 In thirty-two separate experiments the P/O 
ratio  ranged from  1.3  to  2.1,  with  an  average of 
1,7.  In Table II, the results of four representative 
experiments are listed. Over a  sixfold range of en- 
zyme  concentration  (0.11  to  0.73  mg  of  N  per 
vessel)  the  P/O  ratios  varied  from  1.7  to  1.8. 
Omission  of  either  hexokinase  or  glucose  com- 
pletely  prevented  the  uptake  of  inorganic  phos- 
phate.  This  demonstrated  that  ATP  is  formed 
during the oxidation of succinate.  In the absence 
of hexokinase,  1.9  /zmoles of inorganic  phosphate 
appeared in the reaction.  This may be caused by 
partial hydrolysis of the 2.0 #moles of ATP present 
in  the  reaction  mixture  by  the  active  adenosine 
triphosphatase in the absence of a  phosphate  ac- 
4 Lung  mitochondria  can  also  oxidize  other  sub- 
strates, such as L-glutamate and a-glycerophosphate, 
with the concomitant production of ATP. 
ceptor.  Oxygen  uptake  in  the  absence  of  hexo- 
kinase or glucose decreased only 15 %. With rabbit 
liver mitochondria, a  70% inhibition has been re- 
ported  under  similar  conditions  (15).  This  sug- 
gested  that  the  lung  mitochondria  are  not  so 
"tightly  coupled"  as  liver  mitochondria  (15). 
Furthermore, addition of DNP when tested over a 
wide range of concentration (1.1  X  10  --4 to 4.2  × 
10  -° M)  did  not stimulate  oxygen  uptake  of lung 
mitochondria, whereas for "tightly coupled"  rab- 
bit liver mitochondria a twofold increase in oxygen 
consumption has been reported with  1.1  X  10-5~ 
DNP (15). Addition of DNP to lung mitochondria, 
however,  did  elicit  the  well  known  "uncoupling 
action"  by  this  agent  on  the  electron  transport 
system. The succinate  oxidase of the lung  was  in- 
hibited by antimycin A  (26-28)  and by malonate 
(29),  both of which inhibit the liver enzyme.  To 
obtain  P/O  values  of over  1.0,  fluoride  ions,  an 
inhibitor  of  adenosine  triphosphatase,  must  be 
added.  Furthermore,  oxidative  phosphorylation 
was usually not observed unless  EDTA  had been 
added  to  the  homogenizing  medium.  A  similar 
requirement  has  been  observed  in  heart  mito- 
chondria  to  demonstrate  oxidative  phosphoryla- 
tion (30) and pyruvate oxidation (31). Cytochrome 
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Specific Activity of Adenosine Triphosphatases of Mitochondria from Various Sources 
Incubation medium: 15 mM Tris, 0.16 M KCI, 0.3 mM ATP.  Incubation: 20 min; temp. 30°; gas phase. 
air.  For details, see experimental section. 
Pi liberated ~moles/min/mg N 
Mg  ++ (7.7 mM) and 
Mg  ~÷ omitted  Mg  ++ (7.7 mM) added  DNP (0.3 mM) added 
I~iitochondria 
Source  mg N/vessel  Average  Range  Average  Range  Average  Range 
Rat liver  0.16-0.24  0.11  (5)*  0.06-0.18  0.32  (10)  0.20-0.43  0.87  0.75-1.01 
Rabbit liver  0.100.14  0.21  (4)  0.16-0.29  0.46  (4)  0.36--0.56  0.65  0.56-0.76 
Rabbit lung  0.07-0.17  0.27  (12)  0.13-0.40  0.82  (12)  0.72-1.06  0.89  0.79-1.12 
Rabbit lung  0.19-0.29  0.44  (4)  0.39-0.46  0.84  (4)  0.69-0.93  0.95  0.86-1.04 
Rat lung  0.144).19  0.45  (4)  0.37-0.53  2.30  (4)  1.90-2.70  2.22  1.95-2.95 
* Number of separate  experiments is indicated  in parentheses. 
c sometimes increased  the rate  of succinate oxida- 
tion  in  lung  mitochondria  and  therefore  it  was 
added routinely. 
Other Enzymatic Activities of the 
M itochondrial Fraction: Adenosine 
Triphosphatase 
A  functional  relationship  has  been  suggested 
between the enzymatic processes of oxidative phos- 
phorylation and adenosine  triphosphatase  activity 
in intact rat liver mitochondria (32,  15, 33) and in 
extracts  of liver  mitochondria  (34).  The  specific 
activity of the  adenosine  triphosphatase  of rabbit 
and  rat  lung  mitochondria  in  the  absence  and 
presence of magnesium chloride was compared  to 
that  of rabbit  and  rat  liver mitochondria  (Table 
III).  The  liver  mitochondria  exhibited  the  re- 
ported  low  activity  (latent  adenosine  triphos- 
phatase (34)) in the absence of magnesium ions, an 
increased  activity in  the  presence  of magnesium 
ions,  and  maximal  activity with  magnesium  ions 
and DNP  (35-37).  The rabbit lung mitochondria 
showed  a  similar  latency  in  the  absence  of mag- 
nesium ions,  but to a  smaller extent.  In the pres- 
ence of magnesium ions, however, the lung adeno- 
sine  triphosphatase  reached  almost  full  activity, 
and further stimulation by DNP is slight and vari- 
able.  Examination  of the effect of magnesium ion 
concentration  on  the  adenosine  triphosphatase  of 
lung mitochondria showed that  maximal stimula- 
tion was reached between 0.25 and  1.00 m~ MgC12 
and  that  the reaction rate  did not change further 
when the concentration was increased  to  10.0 raM. 
Addition  of up  to  1 mM DNP  failed to stimulate 
the  adenosine  triphosphatase  activity.  In  an  at- 
tempt  to  obtain  lung  mitochondria  with  low 
adenosine  triphosphatase  activity,  other  homoge- 
nizing media,  which  have been  reported  to yield 
mitochondria with improved functional properties, 
were tried without success. For example, deioniza- 
tion of the sucrose  (38),  the use of 0.44 M sucrose 
(38),  or  a  homogenizing  medium  consisting  of 
0.18M  KCI,  0.01 g  EDTA,  and  1%  serum  al- 
bumin  (39)  did  not  change  the  reaction  rates  of 
the lung adenosine  triphosphatase. 
The  adenosine  triphosphatase  activity  of  liver 
and  lung mitochondria was  observed to be linear 
with the time of incubation.  In all instances except 
one,  there was a  slight decrease of the specific ac- 
tivity of this  enzyme system with enzyme concen- 
tration  (Fig.  1).  The one exception is the lung, in 
which the adenosine triphosphatase  activity in the 
absence  of  magnesium  ions  increased  with  in- 
creasing  protein  concentrations.  This  is  also  evi- 
dent  from  the  data  of Table  III,  in  which  the 
adenosine  triphosphatase  of  rabbit  lung  mito- 
chondria is presented in two separate protein con- 
centration ranges.  The possible significance of this 
nonlinearity will be discussed later. 
Addition of sodium fluoride  (9.3  mM)  inhibited 
the  magnesium-stimulated  adenosine  triphospha- 
tase by 50, 32, and 22% in mitochondrial prepara- 
tions from rat liver, rabbit liver, and  rabbit lung, 
respectively. Mitoehondria from rat lung possessed 
an  extremely  active  adenosine  triphosphatase,  a 
fact  which  probably  explained  our  inability  to 
demonstrate  consistently  oxidative  phosphoryla- 
tion in lung preparations from this species. 
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FIGURe.  1  Relationship  of  adenosine  triphophatase 
activity  of  rabbit  liver  and  lung  mitochondria  and 
mitochondrial  protein  concentration.  Incubation 
medium:  15 m~ Tris, 0.16  M KC1, 0.8  m~ ATP, and 
7.7  mM MgCl~ when added.  Incubation time,  ~0  rain; 
temp. 30°; gas phase, air. For details,  see experimental 
procedures. 
Purity of the Mitochondrial Fraction 
The  lung  mitochondrial  preparation  was  ex- 
amined  for  contaminants  by  testing  for  enzymes 
reported to occur in subcellular particles which are 
usually found  associated with mitochondrial  frac- 
tions. Acid phosphatase and cathepsin were chosen 
because  several  lines  of investigations  have  sug- 
gested that  they are associated with the lysosomal 
fraction of rat liver (17) while uricase is associated 
with microbodies (19).  The rates of these enzymes 
were  determined  in  rat  liver mitochondrial  frac- 
tions  and  compared  to  the rates  for similar frac- 
tions  of rabbit  liver  and  lung  (Table  IV).  The 
specific activity of the total acid phosphatase in the 
presence of 0.1% Triton X-100 in both rabbit lung 
and  liver  mitochondrial  fractions  was  consider- 
ably lower than that of the rat liver mitochondrial 
fraction (Table IV). However, cathepsin activities 
of the rabbit lung and liver mitochondrial fractions 
were  2.5  times greater  than  that  in  the rat  liver 
mitochondrial  fraction.  The  demonstration  of 
latent  acid  phosphatase  and  cathepsin  activity 
substantiated  the  electron  microscope  observa- 
tions of the presence of lysosomes in the rabbit lung 
mitochondrial fraction.  Uricase activity could not 
be  demonstrated  in  the  lung  mitochondrial  or 
microsomal fraction.  The absence of uricase indi- 
cated  a  lack  of "microbodies"  in  the lung  mito- 
chondrial  fraction.  Microbodies  have  not  been 
found in the pellets of lung tissue when examined 
by electron microscopy. 
To  determine  the  contamination  of  the  mito- 
chondrial fraction  by microsomes,  the RNA con- 
tent  of the  mitochondria  was  determined  (Table 
V). The rat liver mitochondrial fraction contained 
75 #g of RNA per mg of mitochondrial  N.  These 
preparations  could  be  considered  to  be  free  of 
microsomal contamination on the basis of 87 #g of 
RNA  per  mg  of  mitochondrial  N  reported  for 
highly  purified  rat  liver  mitochondria  (40).  The 
RNA  content  of  the  mitochondrial  preparation 
from rabbit lung and liver rules out a  serious con- 
tamination  by ribosomal  material. 
1'he Lung Microsomal Fraction 
A  subcellular  fraction  was isolated  from rabbit 
lung which sedimented under  conditions identical 
to those for sedimentation of the liver microsomal 
fraction.  The  RNA  content  of this  lung  fraction 
was  higher  than  that  of rabbit  liver microsomes, 
but lower than that of rat liver microsomes (Table 
V). The lung fraction was, therefore, designated as 
the microsomal fraction. 
Fine Structure of the Mitochondrial 
Fraction 
Electron  microscopy  was  used  to  evaluate  the 
various methods employed for the isolation of lung 
mitochondria.  Comparison  of  the  isolated  mito- 
chondrial fractions with mitochondria in situ (Fig. 
2) indicated that major changes in the structure of 
the mitochondria had not taken  place (Fig. 3) ; the 
isolated mitochondria show well preserved cristae. 
In  some cases,  the  outer  membrane  appeared  to 
have  separated  from  the  inner  membrane  of the 
cristae. Contaminants present in the mitochondrial 
fraction were: membranes, agranular and granular 
endoplasmic reticulum,  a  few lysosomes, fat drop- 
lets, and other subcellular elements. 
In an attempt to obtain a mitochondrial fraction 
with an improved morphology and a lower degree 
of contamination,  other media used for the isola- 
tion  of  mitochondria  from  various  organs  were 
tried.  All  of the  following media  were  found  to 
yield lung mitochondrial preparations with inferior 
morphology: 0.25 M sucrose plus 1% bovine serum 
albumin (39); 0.18 M KC1, 0.01 M EDTA,  1% bo- 
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Acid Phosphatase, Cathepsin, and Uricase Activity in Mitochondrial  Fractions 
For procedure,  see experimental section. 
Acid phosphat  ase  Cathepsin  Uricase 
/~moles Pi/mg N/min  gmoles tyrosine/mg N/min  ~moles uric acid/mg N/hr 
Source of mitochondria  Average  Range  Average  Range  Average  Range 
Rat liver  0.97  (3)*  0.75-1.16  0.061  (3)  0.05-0.074 
Rabbit liver  0.14  (3)  0.06-0.18  0.14  (3)  0.12-0.19 
Rabbit lung  0.26  (4)  0.24-0.29  0.15  (3)  0.13-0.16 
1.4  (3)  1.1-1.6 
0.87  (3)  0.6-1.1 
0.018  (3)  -- 
* Figures in parenthesis  indicate number of separate experiments. 
TABLE  V 
Ribonucleic Acid Content of Subcellular Fractions 
For procedure, see experimental section.  Units:/.Lg RNA/mg nitrogen. 
Mitochondria  Microsomes 
Source  Average  Range  Average  Range 
Rat liver  75  (3)*  66-77  538  376-622 
Rabbit liver  89  (2)  82-96  381  380-382 
Rabbit lung  116  (3)  93-133  442  378-492 
* Figures in parenthesis  indicate number of separate  experiments. 
vine serum albumin  (39); and 0.88 M sucrose (41). 
The following media gave mitochondrial fractions 
with improved morphology and an apparently re- 
duced  membrane content:  omission of the  EDTA 
from  the  sucrose-Tris-EDTA  medium,  the  hista- 
mine-sucrose medium described by Alivisatos et al. 
(42),  and  the addition  of 0.02%  polyethylenesul- 
fonate  (43)  to  the  sucrose-Tris-EDTA  medium 
(see Methods). 
Characteristic  subcellular  particles  usually  re- 
ferred  to  as  "osmiophilic  bodies"  have  been  re- 
ported in the alveolar epithelial cell (44, 45). These 
could readily be seen in the intact lung (see Fig. 2). 
The  mitochondrial,  microsomal,  and  supernatant 
fractions,  as well as residue  3,  were examined  for 
these bodies. None could be found in the fractions 
prepared  either in  the sucrose-Tris medium or in 
the above media. 
DISCUSSION" 
Biochemical  and  electron  microscope  examina- 
tions indicated that  the isolation of mitochondrial 
and microsomal fractions from lung tissue has been 
accomplished.  The  sucrosc-Tris-EDTA  homoge- 
nizing solution and  the sucrosc-Tris wash solution 
were selected  as  the  most effective media  for  the 
fractionafion of lung tissue because it was possible 
to demonstrate oxidative phosphorylation and well 
preserved  morphological  features  in  the  mito- 
chondrial fraction.  The RNA concentration of the 
lung  mitochondrial  fraction  suggested  that  this 
fraction was contaminated  to only a  minor extent 
by mierosomes. This conclusion was confirmed by 
electron  micrographs  that  showed  only  a  small 
amount of granular  endoplasmic reticulum in the 
mitochondrial  fraction.  Enzymatic  assays  and 
electron microscopy indicated  that lung and  liver 
mitochondrial  fractions  contained  comparable 
quantities  of  lysosomes.  The  lung  fraction  was 
found to be devoid of uricase activity, and electron 
microscopy failed to reveal the presence of micro- 
bodies.  The  fate  of the  "osmiophilic  bodies"  re- 
mains  to  be  investigated.  These  structures  can 
easily be seen in the intact lung, but they have not 
been detected in the various subcellular fractions. 
It is possible that these organelles were labile and 
were  disrupted  during  the  homogenation  pro- 
cedures 
Enzymatic Properties of the Mitoehondrial 
Fraction 
The lung mitochondrial fraction has been char- 
acterized  by  its  ability  to  oxidize  succinate  and 
concomitantly incorporate phosphate into ATP at 
52  THE  JOURNAL OF  CELL BIOLOGY • VOLUME 30,  1966 FIGURE  2  Electron  micrograph  of rabbit  lung  shows  portions  of several  cells.  The  septal cell 
(s)  contains many mitochondria (m)  and osrniophilic inclusions  (0).  Mitochondria were also seen 
in  the  endothelial  cell  (E)  and  are  also  present  in  the  extended  alveolar  epithelial  cells  (A) 
although  none  are  seen  in  this  micrograph.  X  19,000. 
rates  similar  to  those  observed with  rabbit  liver 
mitochondria.  Other  substrates  such  as  L-gluta- 
mate and a-glycerophosphate  could also be utilized 
for  oxidative  phosphorylation.  These  data  sug- 
gested  that  lung  mitochondria  contained  en- 
zymatic  components  similar  to  those  found  in 
mitochondria  of  other  tissues,  and  the  effect  of 
certain  characteristic  inhibitors  confirmed  the 
O.  K.  REISS  Isolation of Subcellular Particles  from Lung  53 FIGURE  3  Electron  micrograph  of a  portion  of  a  lung  mitochondrial  pellet  prepared  by  the 
procedures  described.  The  majority  of the  mitochondria  (m)  are  intact;  a  few  are  swollen  or 
broken  (s).  Other  subcellular  elements  include  fragments  of granular  and  agranular  membranes 
and lysosomes (L).  X  20,000. 
conclusion.  Certain differences, however, between 
the  lung  and  liver  mitochondria  were  detected. 
The  adenosine  triphosphatase  of  lung  mito- 
chondria  was  strongly  stimulated  by  magnesium 
ions; similar findings in this respect have been re- 
ported for heart and skeletal muscle mitochondria 
(46-48).  A  failure of DNP to further stimulate the 
adenosine triphosphatase  activity of mitochondria 
has  also  been  observed  with  brain  mitochondria 
(49).  A  characteristic  property of lung mitochon- 
dria was the increase in the specific activity of the 
adenosine  triphosphatase  with  increasing  enzyme 
concentration  in  the  absence  of magnesium  ions. 
This property may be related to the presence of the 
surface-active  material  normally  present  in  lung 
(13).  The  addition  of surfactants  such  as  oleate, 
octanoate,  desoxycholate,  and  Triton  X-100  to 
the  incubation  medium  has  been  reported  to  in- 
crease the adenosine triphosphatase  activity of rat 
liver mitochondria  (50,  51).  By analogy,  the con- 
centration  of the naturally occurring surfactant  in 
these  preparations  would  be  elevated  with  in- 
creasing enzyme concentration,  and  could effect a 
similar increase in this activity. 
The  results  in  the  presence  and  absence  of the 
phosphate  acceptor suggested  that  the lung mito- 
chondria,  unlike  liver  mitochondria,  were  not 
"tightly coupled" (17), or that they exhibited little 
"respiratory control." This lack of respiratory con- 
trol may be a  normal state of lung mitochondria; 
they may be similar in this respect to certain insect 
flight  muscle  mitochondria  and  to  liver  mito- 
chondria  from  hyperthyroid  rats  (52).  Alterna- 
tively,  the  high  concentration  of magnesium  ions 
present  in  the  medium  for  the  measurement  of 
oxidative  phosphorylation  could  result  in  inter- 
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adenosine triphosphatase activity.  Great improve- 
ment  in  the  respiratory  control  of  heart  mito- 
chondria  has  been  obtained  by  the  omission  of 
magnesium  ions  (53).  Another  possibility  is  that 
the surface-active material present in lung released 
the respiration of lung mitochondria from control 
by ADP. Lehninger has reported the isolation from 
rat liver mitochondria of a  protein (R-factor)  and 
a  lipid factor that could effect such a  release  (54, 
55). A  study of the effect of the surface-active ma- 
terial of lung on control of mitochondrial respira- 
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